Abstract
Introduction

43
Atmospheric gravity waves (GWs) play an important role in the middle atmospheric 
94
Over the Indian region, several studies (Venkat Ratnam et al., 2008 and references 95 therein) have been carried out for extracting GW parameters using various instruments (MST 96 radar, Lidar and satellite observations). In a few studies (Kumar 2006 (Kumar ., 2007 Dhaka et al., 2002; 97 Venkat Ratnam et al., 2008; Debashis Nath et al., 2009; Dutta et al., 2009) and wave amplitudes along the ray path after including the radiative and turbulent damping and 105 tried to find the sources for the observed waves. In Section 2 we described the instrumentation,
106
in Section 3 the theory behind ray tracing, in Section 4 the background atmosphere used for ray 107 tracing, in Section 5 application of the ray tracing method and in Section 6 identification of the 108 sources for the observed waves. 
Database
where ω ir is the intrinsic frequency of the wave, N is the Brunt-Väiäsälä frequency, f is 140 the coriolis frequency and m is the vertical wave number. Zonal, meridional and vertical 141 wavelengths can be derived from the parameters given in Table 1 Preusse et al.(2008) reported 142 that around 60% of the waves which are launched around 20 km with horizontal wavelength 143 greater than 20 km and high phase speed can reach MLT altitudes and we try to explore our 144 findings related to this. The background atmosphere used for ray tracing is developed using 30 145 years of observations from various sources and will be discussed more in section 4. regions demonstrating the capability of this technique have been described elsewhere 154 (Pallamraju et al., 2013; Laskar et al., 2013) . In the present experiment, the slit oriented along the 
Reverse ray tracing method
191
We followed basically the treatment of ray tracing given by Marks and Eckermann 192 (1995) . Note that the ray tracing theory is applicable only when WKB approximation is valid.
193
When the WKB parameter δ given by
where C gz is the vertical group velocity, m is the vertical wave number, t is the time and z
196
is the altitude, is less than unity, the approximation is taken to be valid.
197
In order to calculate the wave amplitude we used the wave action equation of the form 
In order to avoid spatial integration in the wave action equation we can write Equation (3) higher order terms, the Equation (4) can be written as:
As the wave moves through the atmosphere, amplitude damping takes place which is mainly due 213 to eddy diffusion and infrared radiative cooling by CO 2 and O 3. At higher altitudes (above about 214 100 km) molecular diffusion becomes important as compared to the eddy diffusion. We can 215 calculate the damping rate due to diffusion using:
, represents the sum of eddy and molecular diffusivities. In order to 218 calculate the infrared radiative damping we used Zhu (1993) damping rate calculation method 219 from 20-100 km. The total damping rate is calculated using the following equation: 
Where Pr is prandtl number. Note that for high frequency waves diffusion damping effect will be 222 less. and horizontal winds are provided in Table 2 . Monthly mean contours of temperature, zonal and obtained in a manner similar to that mentioned above for Gadanki.
286
In order to calculate diffusive damping we used eddy diffusivity profiles for troposphere 287 and lower stratosphere and mesosphere which are obtained using MST Radar (Narayana Rao et 
293
In general, eddy diffusivity is relatively higher in Hocking's profile than in the Gadanki profile.
294
This same (Gadanki) profile is used for Hyderabad events also. In Figure 4b molecular 295 diffusivity is shown. It is seen that the molecular diffusivity exceeds the eddy diffusivity at 296 altitudes > 80 km. We have taken into account molecular diffusivity also in the ray tracing 297 calculation while considering the total diffusivity above 80 km and the total diffusivity profile is 298 shown in Figure 4b . Radiative and diffusive damping rates corresponding to Event G1 observed 299 over Gadanki are shown in Figure 4c for illustration. It is seen that radiative damping rate is 300 higher than the diffusive damping rate below 95 km. This is so for the other 13 events (G2-G5 301 and H1-H9) as well. 
Application of reverse ray tracing for the wave events 303
By using the background parameters and the ray tracing equations, we trace back the ray 304 path(s) to identify the GW source region(s). We used Runge-Kutta fourth order method for 305 numerical integration at the time step of δt = 100 m/C gz where 100 m is the height step downwards from 97 km (the peak altitude of the airglow layer) and C gz is the vertical group also carried out for these background profiles.
338
We traced the ray path using the above initial parameters from the initial latitude wave frequency is larger at higher altitudes due to higher wind amplitudes. Around 13 km, Brunt
371
Väisälä frequency is less than that of the intrinsic frequency and so the square of the vertical 372 wave number is negative there (Figure 6b ). There is not much variation in the horizontal 373 wavelength with height ( Figure 6c ). Zonal group speed shows (Figure 6d ) nearly the same behaviour as that of the zonal wind. The intrinsic frequency, ω ir, exceeded N at 13 km altitude 375 and due to this m 2 became negative and the ray path got terminated there. The observation time
376
at the ray-start and according times along the ray time shown in Figure 6 (a) reveals that it has 377 taken 63 minutes.
378
As mentioned earlier, the information on the wave amplitudes is not available from the 379 observations. So we used the GW amplitude as unity (at the altitude of observation) and traced when either Gadanki or zero wind models are considered and slightly lower for the normal wind.
386
The growth is highly reduced when tidal variability in the background wind is considered. GWs could be generated due to localized sources having shorter temporal and spatial scales than convection as a possible source for the observed wave events can be ruled out.
422
The other possible source for GW generation is the vertical shear in the horizontal wind.
423
The vertical shear in horizontal winds at an altitude of 10 km (8 km shear excitation of the GWs has been examined theoretically using both linear and non-linear 435 approaches (e.g., Fritts, 1982; 1984; McIntyre, 1978) . For the excitation of radiating GWs by KH 436 instabilities at a shear layer, the two mechanisms that are examined are the vortex pairing (sub-437 harmonic interaction) and envelope radiation (Fritts, 1984) . The vortex pairing is found to be 438 highly dependent on the minimum Ri, whereas, the envelope radiation mechanism is found to 439 provide efficient radiating wave excitation in the absence of propagating unstable modes (Fritts, 440 1984) . Theoretical and numerical simulation work needs to be carried out to examine which of 441 these mechanisms is effective for the observed events in the present study. This aspect is beyond 442 the scope of the present study and is planned to be taken up in the future. for different wind models. Out of the 14 events examined, 9 ray paths terminated in the 472 troposphere. The remaining 5 events got terminated in the mesosphere itself. We examined for 473 possible sources for the 9 events for which the ray paths terminated in the troposphere.
474
Orography as the possible source was ruled out as wave events have high phase speeds. 
732
Note that IRBT is shown only for 10 UTC. for each event. Conditions leading to the termination for each wave event are also shown.
747
Events for which ray paths terminated at mesospheric altitude are indicated with an asterisk.
748 Table 2 . Details of instruments, parameters measured, altitude range in which data is available and the duration of the data considered for developing the Gadanki atmospheric model. 
837
Note that IRBT is shown only for 10 UTC. 
